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INTRODUCTION 

The availability of iron for soft magnet applications has been 
rather uncertain ever since the ARMCO Steel Corporation stopped pro
ducing electromagnet iron (ENI) in 1976. Lo,,, carbon steels have been 
substituted in some applications, but the magnetic stability of steel 
is variable! and may not be adequate for critical applications in "hich 
small changes in magnetic properties cannot be tolerated. The present 
investigation was conducted to assess the relative merits of five alter
nate materials that have been proposed for soft magnet applications. 

All magnetic properties "ere measured in units of oersteds and 
gausses (cgs system), but have been converted to 81 units. 

SPECIFICATION REQUIREMENTS 

Soft magnetic materials used by the Naval Heapons Center are 
normally purchased in accordance "ith a u.S. Air Force Specification 
titled "Iron, Electromagnet," (AF 71A45549). This document requires 
that the coercive force Hc be less than 119 Aim (1.5 Oe), at a maximum 
induction Bm of 1.5T (15 kG), when tested in accordance with the ASTN 
Test for Direct-Current }1agnetic Properties of Haterials Using Ring 
Test Procedures and the Ballistic Ne.thods (A 596). Before testing, 
the specimen is required to be annealed at 843°C (1550°F) for 1 hour 
in a 90% nitrogen-10% hydrogen atmosphere. These requirements were 
used as a general guide in this investigation. 

MATERIALS AND PROCEDURES 

Materials and sources of materials are shown in Table 1. The 
chemical analyses of the as-received materials are listed in Table 2. 
All analyses, with the exception of nitrogen, were performed at the 
Naval Weapons Center. The nitrogen analyses were performed by Durkee 
Testing Laboratories, Gardena, Calif. All materials were purchased 
as cold-drawn bar with the exception of the SAE J403 (1005) steel 
(Unified Numbering System rUNS] G10050) and the ingot iron. The steel 
was hot-rolled bar and the ingot iron was in the form of 6.35-mm 
(l.-inch) cold-rolled plate. 

Magnetic test specimens were fabricated in accordance with ASTM 
Test A 596. Figure 1 is a sketch of the specimen. Before testing, 
the toroidal specimens were wound with 200 turns of Awg 34 (0.160-mm) 
transformer wire (secondary) followed by 30 turns of Awg 19 (0.9l-mm) 
transformer wire (primary). 

!Knight, D. J. and Adzema, P. J., T!W.l11lctcUOI11l on ;the AmvUc.{Ul 
Soc--i..e;ty 60ft Me;ta.t6, Vol. 54, No.3, Sept. 1961, pp. 355-361. 
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TABLE 1. ~Iaterials for ~[agnetic Property Evaluation. 

Alloy Designation 

Electromagnet iron (EMl) 

Magnet iron 

Core iron (Consumet®) 

Electrical iron 

Ingot iron (commercial quality) 

SAE J40J (1005) steel 

TABLE 2. Chemical 

Man-

Producer 

ARMCO Steel Corp. 
Middletown, Ohio 
Advanced Meta!s Corp. 
Walerbury. Conn. 
Carpemer Technology Corp. 
Reading. Pa. 
Carpenter TechnOlogy Corp. 
Reading, Pa. 

Vendor 

Lang Metal ServiCC5 
Glendale, Calif. 

Specialty Metal Sales 
Westminster. Calif. 
Specially Metal Sales 
Westminster. Calif. 

Analyses of Hagnet Haterials As-Received. 

Element. % by WeIght 

0",,· Vana- Alum!-
Alloy Carbon Nitrogen ganc~:o;e Sulfur Silicon Copper mium Nickel dium nom Tilanium 

EMI 
Magnet iron 
Cor: iron 
Electrica.l iron 
Ingot iron 
SAE J-1OJ {JOOS) 

... 1 

0.010 
0.020 
0.016 
0.013 
0.024 

0.062 

0.009 O.It. 0.018 0.10 
0.008 0.33 0.013 0.02 
0.007 0.02 0.005 O.OJ 
0.008 O.IS 0.008 0.16 
0.006 0.05 0.015 0.04 

0.009 0.35 0.014 O.OJ 

(I ! ! I 
GRIND FLAT 
SURFACES PARALLEL 

0.14 
O. \0 
0.01 
0.04 
0.04 

0.04 

0.04 0.11 <0.01 
0.02 0.06 <0.01 
0.06 0.04 <0.01 
O.OJ 0.04 0.04 

<0.01 0.01 <0.01 

0.004 0.009 <0.01 

OD: 36.32 ± 0.13 mm 

{1.430 ± 0.005 .n.1 

• 

ID: 29.72 ± 0.13 mm 

{1.170 ± 0.005 in.1 

6.35 ± 0.13 mm 

{0.25O ± 0.005 in.1 

0.05 
0.02 
0.01 

<0.01 
<0.01 

<0.01 

FIGURE 1. Toroidal Specimen for Magnetic Testing 
Made in Accordance \\lith ASTH TEST A 596. 
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o.m 
<0,01 
<0.01 
<O.CI 
<0.01 

<0.01 

Iron 
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Nagnetic testing was done on a Model 1020 Hysteresisgraph manufac
tured by hialker Scientific, Inc., tiiorcester, iYlass. This device was used 
to plot B-H or hysteresis loops from which were measured the coercive 
force He, the residual induction Br, and the maximum induction Em for 
each specimen. The accuracy of all magnetic property measurements was 
approximat~ly ± 1 percent. 

Specimens of each composition were subjected to four annealing 
cycles: 

(a) 482°C (900°F) 
(b) 843°C (1550°F) 
(c) 843°C (1550°F) 
(d) 1100°C (2012°F) 

-
-
-
-

1 
1 
4 
4 

hour 
hour 
hours, and 
hours. 

Annealing was done in a closed furnace with 94% nitrogen-6% hydrogen 
(forming gas) flowing at a rate of five times the furnace volume per 
hour. The dew point of the gas was approximately -68°C (-90°F). After 
annealing, the specimens were furnace-cooled at approximately 50°C 
(122°F) per hour to 50°C (122°F) before removing them from the furnace. 

After annealing at 843°C (1550°F) for 4 hours, the "best" (lowest 
coercive force) specimen of each composition was aged at 100°C (212°F) 
for 200 hours and 400 hours in air. Because of its apparent instability, 
the 1005 steel was aged an additional 104 hours. 

RESULTS fu~ DISCUSSION 

Nagnetic properties' after the four annealing cycles are listed in 
Table 3. The data show that for the core iron, magnet iron, ingot iron, 
and 1005 steel, optimum magnetic properties were obtained by annealing at 
843°C (1550°F) for 4 hours. The Ei'1I had a slightly lower coercive force 
after 1 hour. at 843°C (1550°F). Only one material, electrical iron, did 
not meet the coercive force requirement of 119 A/m (1.5 Oe) maximum after 
annealing at 843°C (1550°F). This material required 4 hours at 1100°C 
(20l2°F) to bring the coercive force below 119 A/m (1.5 Oe). It must be 
pointed out, however, that the producer recommends that this alloy be 
annealed in wet hydrogen to achieve optimum magnetic properties. 

Table 4 lists carbon and nitrogen analyses of the materials 
as-received and after annealing at 843°C (1550°F) for 4 hours in 
forming gas. These data show that except for EMI the carbon content 
was reduced significantly by annealing. Nitrogen, however, remained 
essentially unchanged in all materials. The stability of the carbon 
in EMI is apparently the result of the titanium and aluminum which 
are intentionally added to this material to stabilize the impurities. 

5 
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TABLE 3. ?'!agnetic Properties of Soft Nagnet Haterials 
After Annealing in 94% Nitrogen-6% Hydrogen. 

He Be Bm 

Heat T~atmel1l Aim (0<) T (kG) T (kG) 

EMI 

4SrC 1'lOO"F) - I h 107 (US) 0.'1 (8.1) 1.48 (I·t&l 
8-;3"( (1.i."O~f) - , h 82 O,OJ) \.-17 04.7) !.Sf, 115.n) 
&WC (1s...~~F) - -1 h B5 0.07) 1.47 (I'U) LSS IJ5.5/ 
JJOO~C (2012'F) - -I h 95 (J.~OJ !.J2 i 13.2) 1.52 ( ;5.2) 

MAGNET IRON 

482"C (QOOcF) - I h 143 (1.80) 1.03 (10.3) 1.55 115.5) 
84J"( (Is...~cFl - I h OS (1.20) I.().I ( IDA) 1.5.5 115.5) 
8·ne e (ISsocF) - 4 h 80 (I.OOJ 1.45 ( 14.5) 1.57 (IS."') 

1100"( (2012~F) - .; h 95 ( 1.20) 1.20 (l2.0) 1..50 (15.01 

COR£ IRON 
48loe {900°F} - I h 8S (1.07) 0.85 (8.5) 1.55 (15.5) 
843"C (IS50"F) - I h 7. (0.9J) 1.31 (1J.I) 1.59 ( IS.i~J 
g.·n"c (IS50"F) - -I h 71 (O.q(}) J.48 (14JI) 1.60 Ilb.O) 

lI00cC (IOI2C>F) - -I h 80 (1.00) L16 (11.0) 1.56 (IS,b) 

ELECTRICAL IRON 

482"C (900"F) - I h 143 (1.80) 1.06 (IO.bJ 1.54 (ISA) 
843°C (IS50 C F) ....: I h 127 (1.60) 1.44 (I4A) 1.56 (IS.b) 
84JOe (l55Qc Fl - 4 h \27 (l.bO) 1.48 (14.8) 1.59 (15.9) 

Hoooe \2012"F) - 4 h III ( 1.40) 0.76 (7.6) )"'8 (14,8) 

INCOT IRON 

482°e (900°F) - I h 9S (1.20) 0.92 (9.2) 1.56 (15.b) 
843°C' (I 530c F) - I h 95 ( 1.20) 0.88 (8.S) 1.52 (15.2) 
s.nO( (ISSO=F) - 4 h 95- (1.20) IAJ (14.3) 1.59 j IS.Q) 

1l00~C C:OI2~Fl - " h 19' (2.40) 1.36 ( l3.b) 1.48 (/-l.8) 

S.U: 1403 (IOOS) STEEL 

482°C (900<'F) - I h '25 (1.57) 0.1\3 (8.3) 1.50 (15.0) 
S4YC (1550~F) - I h '" (1.50) 0.88 (8.8) I.S2 (15 . .2) 
84JCC (lS50"F) - 4 h sa ( \.10) 1.06 ( 10.6) 1.504 (lS.4) 

I:OO'C (2012°F) - -1 h "' (lAO) 1.08 (10.8) 1.52 05.2) 

TABLE 4. Carbon and Nitrogen Analyses of ~'!agnet Naterials Before and After 
Annealing at 843°C (l550°F) for 4 hours in 94% Nitrogen-6% Hvdrogen. 

Element. % by Weight 

Carbon :"-litrogen 

Alioy .-\s·recei\'cd Annealed As-rcceiyed Annealed 

EM! O.Olb 0.015 0.009 0.009 
Magnet, iron 0.020 0.010 0.008 0.010 
Core iron 0.016 0.007 O.OOi 0.1l()Q 
Electrical iron 0.013 0.008 0.008 0.008 
Ingot iron 0.024 0.009 0.006 0.008 
SAE 1403 (100S) steel 0.062 0.030 0.009 0.007 

6 
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The results of this aging study are shm<fi in Table 5. The data 
show that the EMI, magnet iron, core iron, and electrical iron ~.Jere not 
degraded by the aging treatment. By comparison, the coercive force of 
the ingot iron increased from 95 (1.20) to 127 Aim (1.60 De) during the 
first 200 hours and from 127 (1.60) to 135 Aim (1.70 Oe) during the next 
200 hours. Similarly, the coercive force of the 1005 steel increased 
from 81 (1.02) to 116 Aim (1.46 Oe) during the first 200 hours, from 
116 (1.46) to 1.43 Aim (1.80 Oe) during the next 200 hours, and from 
143 (1.80) to 150 Aim (1.88 Oe) during the final 104 hours. 

It appears that the U.S. Air Force Specification AF 71A45549 
coercive force requirement of 119 Aim (1.5 De) after annealing may not 
be adequate for applications requiring magnetically stable materials. 
The purchaser, therefore, should specify a maximum allm"able coercive 
force after annealing and aging. 

Table 6 lists hardnesses and grain sizes in accordance with the 
ASTM Method for Estimating the Average Grain Size of Hetals (E 112) 
of the specimens annealed at 843°C (1550°F) for 4 hours. The annealed 
microstructures are shown in Figure 2. The 811, magnet iron, core iron, 
and electrical iron exhibited relatively clean, equiaxed structures. 
The ingot iron and 1005 steel, on the other hand, contained appreciable 
amounts of inclusions. It shpuld be noted that the materials containing 
inclusions were the only ones to suffer an increase in coercive force 
during the aging test. 

The effects of impurities on coercive force and magnetic aging 
have been discussed in some detail by Richards. 2 The data presented in 
this paper are consistent with Figure 3 of Richards' paper that shows 
that coercive force is a function of both carbon and nitrogen and that 
reducing the concentration of either of these elements will reduce the 
coercive force. The results of the present aging study, however, cannot 
be explained on the basis of Richards' paper, which shows that above 
approximately 0.004% nitrogen, magnetic aging should be a linear functibn 
of nitrogen content. Since all of the materials in the present investi
gation contained about the same amount of nitrogen, it appears that the 
magnetic instability of the ingot iron and 1005 steel cannot be due to 
nitrogen alone. Unfortunately, the chemical analyses of these materials 
provides no clue as to the cause of the observed instability. 

2Richards, J. T., in PflOC.e.e.cU.l1g.6 On -the. Z5,th Rei.alj Conne.flWC.e., 
National Association of Relay Hanufacturers, Elkhart, Ind., 1977. 

7 
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TABLE 5. Nagnetic Properties of Annealed Haterials Before and After Aging 
[All ~[aterials Annealed at 843°C (1550°F) for 4 hours in 94;; Nitrogen-
6~~ Hydrogen Before Aging J -

H, 8, 8m 

Heat Treatment Aim '(0) T (kG) T (kG) 

EMI 

Anne~led 70 !C.9':-) I. .... ( 14.4) 1.56 i!S.a) 
Aged 200 h at lOOaC •• 10.95) ) ... 4 ( 14.4) l.56 (IS.6) 
Aged 400 h al lClOoC 7. (0.%) l. .... (I4A) l.56 (lS.b) 

MAGNET IRON 

Annealed 80 (1.00) 1..18 (14.8) 1.60 (1o.0) 
Aged 200 h at IOO"C " (0.98) JA4 ( 14.4) 1.58 (15.8) 
Agt=d 400 h at IO(YC 78 (O.98) , .... (14..1) 1.58 (15.13) 

CORE IRON 

Annealed n (0.00) )"'8 {l4.8) >'60 Ob.O) 
Aged 200 h at 100"C 72 (0,9(') 1.44 {14.4} 1.58 (IS.8) 
A~d 400 h ~t 100°C n (0.90) , .44 (14.8) 1.58 (15.8) 

ELEcn:.:.U IRON 

Anne.led 127 . (1.60) 1.48 (14.8) 1'.58 (lS.8) 

Aged 200 h J.I IOO"C Il7 (>'60) 1A1I {l'.8) 1.58 (I5.S) 

Aged 400 h at 100°C )27 (1.60) ).48 (14.8) 1.58 (IS.BI 

INGOT IRON 

Annealed 9S (1.20) >.44 (14.4) >'60 (16.0) 
Ag:::d 200 h at IOO"C 131 (1.65) 1.44 (14.4) 1.S6 (15.b) 

Aged 400 h at waoc 136 (>'71) >.44 (14.4) >.58 05.8) 

SA£ J40J (1005) ~TE£L 
Annealed 81 (1.02) 1.20 (12.0) 1.56 OS.b} 

Aged 200 h ilt lOaoe II. (1.46) 1.J2 OJ.2) 1.56 (15.6) 
Aged 400 h ill IOOaC 143 (1.80) I.JQ (lJ.6) 1.52 (15.2) 
Aged 504 h at 100"C ISO (I.BS) 1.36 (lJ.6) 1.54 (15.4) 

TABLE 6. Roch-lell Hardnesses and ASTM Grain Sizes of Iron and Lmv Carbon Steel 
After Annealing at 843°C (15S0°F) for 4 hours in 94% Nitrogen-6% Hvdrogen. 

Rockwell Hlrdne~~. 
Specimen F Senl!! A~ TM Grain Sizc D 

EM! 
Magnet iron 
Core iron 
Electrical iron 
Ingot iron 
5AE J 4113 (1005) steel 

68.8 
65.0 
58.8 
77.6 
79.1 
76.2 

II In accordance with ASTM Method E 112. 
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SUNNARY .1\i'lD CONCLUSIONS 

hfhen annealed at 843°C (1550°F) in forming gas, the magnet iron 
and core iron h7ere found to be equivalent to EMI \.Jith regard to both 
coercive force and magnetic stability. The electrical iron exhibited 
similar magnetic properties after annealing in forming gas, but 
required a higher annealing temperature to reduce the coercive force 
to an acceptable value. Both the ingot iron and the 1005 steel met 
the coercive force requirement after annealing at 843°C (1550°F) in 
forming gas, but suffered significant increases in coercive force 
during aging. 

It is concluded that magnet iron and core iron can be used as 
direct replacements for EMI when treated in accordance with U.S. Air 
Force Specification AF 71A45549. The electrical iron also can be used 
as an alternate to Ern, but may require a modi~ied annealing process. 
The usefulness of the ingot iron and 1005 steel in soft magnet applica
tions is questionable because of magnetic ins tabili ty. (The stability 
of these materials might be improved by annealing in a more reactive 
atmosphere such as Het hydrogen. Hm.,ever, this was beyond [he scope 
of the present investigation.) 

10 
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